Learning and memory have been closely linked to strengthening of synaptic connections between neurons (i.e., synaptic plasticity) within the dentate gyrus (DG)-CA3-CA1 trisynaptic circuit of the hippocampus. Conspicuously absent from this circuit is area CA2, an intervening hippocampal region that is poorly understood. Schaffer collateral synapses on CA2 neurons are distinct from those on other hippocampal neurons in that they exhibit a perplexing lack of synaptic long-term potentiation (LTP). Here we demonstrate that the signaling protein RGS14 is highly enriched in CA2 pyramidal neurons and plays a role in suppression of both synaptic plasticity at these synapses and hippocampal-based learning and memory. RGS14 is a scaffolding protein that integrates G protein and H-Ras/ ERK/MAP kinase signaling pathways, thereby making it well positioned to suppress plasticity in CA2 neurons. Supporting this idea, deletion of exons 2-7 of the RGS14 gene yields mice that lack RGS14 (RGS14-KO) and now express robust LTP at glutamatergic synapses in CA2 neurons with no impact on synaptic plasticity in CA1 neurons. Treatment of RGS14-deficient CA2 neurons with a specific MEK inhibitor blocked this LTP, suggesting a role for ERK/MAP kinase signaling pathways in this process. When tested behaviorally, RGS14-KO mice exhibited marked enhancement in spatial learning and in object recognition memory compared with their wild-type littermates, but showed no differences in their performance on tests of nonhippocampal-dependent behaviors. These results demonstrate that RGS14 is a key regulator of signaling pathways linking synaptic plasticity in CA2 pyramidal neurons to hippocampal-based learning and memory but distinct from the canonical DG-CA3-CA1 circuit.
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long-term potentiation | hippocampus | G protein signaling | RGS proteins | ERK M any aspects of brain plasticity, including those associated with learning and memory, are thought to be mediated by long-term potentiation (LTP) of excitatory glutamatergic synaptic transmission (1) . Plasticity at synapses of the DG-CA3-CA1 circuit within the hippocampus, in particular, plays a key role in acquisition and consolidation of certain forms of learning and memory (2, 3) . Absent from this canonical DG-CA3-CA1 circuit is the CA2 region, which differs from these regions by its distinct anatomy, pattern of gene expression, and electrophysiological characteristics (4) (5) (6) (7) (8) . CA2 pyramidal neurons also are uniquely resistant to injury in several animal models of epilepsy and hypoxia but exhibit a unique pathology in brains from schizophrenic patients (9) (10) (11) . Unexplained, however, is the fact that protocols typically effective at inducing LTP in hippocampal CA1/CA3 subfields are largely ineffective in CA2 neurons at Schaffer collateral synapses (7) .
Cellular signaling underlying LTP and synaptic plasticity includes key mechanistic roles for calcium, Ras/MAP kinases, and G protein signaling pathways (12) among others. The regulators of G protein signaling (RGS) proteins are a structurally diverse family of greater than 30 member proteins enriched in brain that typically limit neurotransmitter receptor-and G protein-linked signaling in the CNS and elsewhere by serving as GTPase activating proteins (GAPs) (13, 14) . One particular family member, RGS14, is uniquely situated to regulate signaling pathways involved with synaptic plasticity. Originally identified as a binding partner for Rap GTPases (15, 16) , RGS14 has binding domains for multiple signaling proteins including active Gαi/o-GTP (RGS domain), Ras/Rap GTPases [tandem Ras Binding Domains (RBDs)] and for inactive Gαi1-GDP and Gαi3-GDP [a single G protein Regulatory (GPR) motif] (15) (16) (17) (18) (19) (20) . Most recently, we have shown that RGS14 can act as a scaffold to assemble Gαi, H-Ras, and Raf kinases, in turn, to integrate G protein and ERK/MAPK signaling pathways and inhibit growth factor receptor signaling (21) . Here we have tested the idea that RGS14 serves to regulate synaptic plasticity in the brain, perhaps with a resulting role in learning and memory.
Results

RGS14
protein is expressed most prominently in brain, and exclusively within neurons (18) . To better understand the role of RGS14 in brain function, we determined its protein distribution pattern in mouse brain sections using a specific anti-RGS14 monoclonal antibody. We observe that RGS14 exhibits a striking expression pattern with strong immunohistochemical staining that is mostly limited to the CA2 subregion of the hippocampus ( Fig. 1 A  and B) ; light staining is also seen in the olfactory cortex. This protein staining pattern very closely matches the mRNA distribution pattern of RGS14 in mouse brain (http://mouse.brain-map. org; Fig. S1 ). The staining is completely eliminated by preadsorption of antibody with purified RGS14 protein (Fig. 1C) . Within the hippocampus, strong immunoreactivity is evident in soma and neurites of CA2 pyramidal neurons that appear to project through the stratum lacunosum moleculare and stratum radiatum to the fasciola cinerea (FC) (Fig. 1 B and D) . Within the FC, strong staining is evident in pyramidal neurons in soma and neurites (Fig.  1F) . With this finding, RGS14 joins a discrete fraternity of signaling proteins that share this highly restricted expression pattern in both CA2 and FC neurons (6), suggesting a possible functional link between these proteins and these two poorly understood hippocampal regions. Staining is also observed in soma and neurites of sporadic, unidentified neurons within the CA1 pyramidal cell layer, which we speculate to be either inhibitory interneurons or a distinct subset of pyramidal neurons (Fig. 1E) . At the electron microscopic (EM) level, RGS14 labeling in CA2 hippocampal neurons is predominantly found in dendritic shafts (Fig. 1G) , as well as necks or heads of dendritic spines ( Fig. 1 H and I) , including an apparent enrichment at some postsynaptic densities (PSD) (Fig. 1I ). This conspicuous distribution pattern of RGS14 within the hippocampus highlights the divergent molecular nature and anatomical circuitry of neurons in the CA2 and suggests that CA2 functions may be distinct from those of the neighboring CA1 and CA3 regions.
To determine RGS14 functions in brain and hippocampal physiology, we characterized a novel line of knockout mice lacking full-length RGS14 (RGS14-KO) generated by inserting a LacZ/ Neo cassette that deletes exons 2-7 of the RGS14 gene (http:// www.informatics.jax.org) ( Because RGS14 is expressed primarily in CA2 hippocampal neurons, we tested the effects of loss of RGS14 on synaptic transmission in CA2 compared with CA1 neurons (Fig. 2 C-F) . In neurons from RGS14-KO mice were performed as in C except that 500 nM U0126 was included in the bath solution (n = 7 with U0126 and n = 9 without). Plotted are means ± SEM. (E) For induction of LTP in CA1, hippocampal slices from WT and RGS14-KO mice were stimulated (2 × 1 s, 100 Hz, 20-s intervals) and postsynaptic neurotransmission was monitored every 15 s for 180 min. Data are pooled (mean ± SD); WT (n = 10), RGS14-KO (n = 8). (F) For inhibition of LTP in CA1 neurons by treatment with a MEK inhibitor, experiments on individual CA1 neurons from RGS14-KO mice were performed as in C except that 500 nM U0126 was included in the bath solution (n = 7 with U0126 and n = 4 without). Plotted are means ± SEM.
rodents, high-frequency synaptic stimulation (HFS) in the stratum radiatum results in a sustained marked enhancement of postsynaptic responses-i.e., LTP-in CA1 and CA3 neurons (22) . However, CA2 neurons differ from their neighboring neurons by their curious lack of plasticity following synaptic stimulation to Schaffer collateral synapses (7) . We discovered that the loss of RGS14 confers to CA2 neurons a robust capacity for this type of plasticity (Fig. 2C) , whereas CA2 neurons from wild-type animals exhibited little LTP following HFS as expected. On the other hand, both the RGS14-KO and WT mice displayed normal LTP in CA1 neurons assessed in field potentials (Fig. 2E) . The basal synaptic transmission in CA2 and CA1 neurons was also normal in both WT and KO animals (Fig. S3) . Hence, RGS14 may act as a natural brake to limit synaptic plasticity within the CA2 following stimulation.
We next investigated possible underlying molecular mechanisms to explain how losing RGS14 enhances synaptic plasticity in CA2 neurons. RGS14 binds Rap2, Gαi1/3-GDP, H-Ras, and Raf kinases to inhibit growth factor-directed MAP kinase signaling (16, 21, 23 ). Therefore, we tested whether treatment of CA2 neurons with a specific inhibitor of ERK/MAP kinase signaling affected the increased capacity for LTP caused by the loss of RGS14. We find that the MEK inhibitor U0126 completely prevented this robust LTP induction in CA2 neurons (Fig. 2D) , thus implicating RGS14 as a suppressor of MAP kinase signaling in this process. The MEK inhibitor also blocked LTP in CA1 neurons (Fig. 2F) , as expected (24), suggesting a key role for MEK/ERK signaling in the regulation of LTP in both CA2 and CA1 neurons. This effect of the MEK inhibitor on LTP in CA2 neurons does not rule out a possible additional role for G protein signaling and regulation of potassium channel function. Consistent with evidence that MAPK or G protein signaling can influence neuronal excitability (25-28), we also observed that loss of RGS14 results in a modest increase in input resistance in CA2 neurons (Fig. S4 A and B) , which could be due to loss of regulation of either RGS14 binding partner H-Ras or Gαi. This concomitant increase in neuronal excitability, however, is not sufficient to substantially impact the action potential response to high-frequency stimulation (Fig. S4C) . Taken together, these findings support our hypothesis that RGS14 serves as a previously unknown natural suppressor of signaling pathways important for LTP in CA2 neurons.
Because RGS14-KO mice exhibited markedly enhanced synaptic plasticity in CA2 neurons, we hypothesized that hippocampalbased spatial learning and memory in RGS14-KO mice might also be enhanced (Fig. 3) . To test this idea, we first measured declarative memory using a novel object recognition task (29) . Mice were allowed to explore two identical objects. Four and 24 h later one object was replaced with a novel object to test for signs of object recognition. Although both groups of mice showed similar baseline exploratory behavior by spending an equivalent amount of time with the identical objects, after 4 h, RGS14-KO mice spent significantly more time than WT mice exploring (Fig. 3A) and made more contacts with the novel object in the test trials (Fig. 3B) , indicating enhanced recognition memory. Of note, our findings here are inconsistent with a recent report that shows overexpression of RGS14 in the visual cortex enhances novel object recognition (30) . Because those studies involved overexpression of recombinant RGS14 in a brain region where it is not naturally expressed, we believe our findings more accurately reflect the physiological role for RGS14 in the context of novel object recognition.
In a second test of hippocampal function, we subjected mice to the Morris water maze (MWM) to test for spatial learning. In this task, rodents navigate a swim arena using visual cues to locate a submerged escape platform (31) . In repeated trials of the MWM, paired WT and RGS14-KO littermates showed a similar latency to escape on day 1, and exhibited typical learning behavior improving each day, reaching a plateau by day 5. Surprisingly however, RGS14-KO animals exhibited a significantly enhanced initial learning rate that was sustained each day (Fig. 3C) . In probe trials after 6 d of testing, the platform was removed to determine whether the animals would perseverate in their search for the platform in the previous location. WT and RGS14-KO mice spent more (and similar amounts of) time in the trained quadrant (Fig.  3D ), indicating that both groups learned the platform location. Differences in behavior were limited to those tasks linked to the hippocampus, as both groups swam at similar speeds (Fig. 3E) , and we observed no differences in ambulatory behavior (Fig.  S5A) , baseline startle response, sensory-motor gating (Fig. S5 B  and C) , or anxiety in the elevated plus maze (Fig. S5D) . These altered behaviors coupled with the observed enhancement of CA2-specific plasticity of postsynaptic transmission in RGS14-KO animals indicate that the presence of RGS14 limits hippocampal-based learning and memory.
Discussion
Very little is known about the role of the CA2 subregion in hippocampal function and behavior. CA2 synapses are unusually stable and resistant to plasticity (LTP) following typical modes of stimulation (7) . No previous studies implicate a role for the CA2 in spatial learning or memory except that it may be involved in social recognition memory and memory for temporal order (32) . Yet, we show here that the loss of RGS14, a single CA2-enriched gene, abrogates this synaptic stability resulting in both robust LTP in CA2 neurons and an enhancement of spatial learning and object recognition memory. Only a few signaling proteins that could contribute to its unusually weak LTP have been reported to be localized in CA2 neurons (6, 8) , and possible roles for those proteins (if any) in synaptic plasticity have not been defined. By contrast, many signaling proteins and pathways have been implicated in the positive regulation of LTP, synaptic plasticity, and learning and memory in other, non-CA2 hippocampal regions (1, 33) . Among them are the identified RGS14 binding partners Gαi1, active H-Ras and Rap2, and associated MAP kinase signaling pathways (12) .
At present, the exact molecular mechanism by which RGS14 regulates LTP in CA2 neurons remains uncertain. Our findings here show that loss of RGS14 results in nascent LTP that is prevented by inhibiting MEK (Fig. 2) , indicating that RGS14 may be acting as a natural suppressor of ERK1/2 signaling pathways underlying synaptic plasticity. Consistent with this idea, we have shown that RGS14 integrates G protein and H-Ras/Raf signaling to inhibit growth factor stimulated ERK1/2 signaling (21). We also find that RGS14 is localized at dendritic spines (Fig. 1D) and may be enriched in Triton-X 100 insoluble postsynaptic densities (18), i.e., well-established focal points for synaptic plasticityrelated signaling. RGS14 binding partners H-Ras and Rap2 modulate the activity of various MAP kinase pathways in hippocampal neurons (34) and have been implicated in different aspects of LTP and synaptic plasticity in the hippocampus (34) (35) (36) (37) (38) (39) (40) (41) . However, RGS14 also binds Gi/o family members at both the GPR domain and the RGS domain, and our findings do not rule out a possible role for RGS14 regulation of Gi/o protein signaling in this process. Gβγ subunits derived from Gi/o regulate certain potassium and calcium channels in brain, and the G protein-regulated second messengers cAMP and calcium each play crucial roles in learning, memory, and synaptic plasticity by regulating gene expression and modulating postsynaptic signaling events (22, 42) . Thus, loss of RGS14 and with it, its capacity to limit Gαi/o signaling, may alter postsynaptic cAMP and/or calcium levels to enhance LTP and learning. Further studies are necessary to determine the role for each of these binding partners and their linked signaling pathways in RGS14-mediated suppression of synaptic plasticity in CA2 neurons.
In summary, RGS14 is a natural suppressor of signaling pathways critically involved with regulating synaptic plasticity, and its host CA2 neurons may represent a newly recognized module that functions either distinct from, or in concerted action with the canonical trisynaptic circuit to mediate hippocampal-based learning and memory. Given the very discrete protein expression pattern of RGS14 and the fact that RGS14-KO mice exhibit no obvious deleterious phenotypes, inhibition of RGS14 function may serve as an attractive therapeutic target for future cognitive enhancers (43, 44) .
Materials and Methods
Generation, Genotyping, and RT-PCR of RGS14-KO Mutant Mice. Mice lacking RGS14 (RGS14tm1-lex) were generated by Lexicon Genetics through the National Institutes of Health-sponsored Mutant Mouse Regional Resource Center at http:// www.informatics.jax.org/searches/accession_report.cgi?id=MGI:3528963. Embryos were implanted into C57/BL6 females, and founder mice crossed with C57/ BL6 to establish the novel knockout line (RGS14-KO). Genotypes were determined by PCR of genomic DNA from tail biopsies. WT forward primer was 5′ cagcgcatcgccttctatc 3′. Primer for the targeting vector was 5′ gcagcgcatcgccttctatc 3′ with a shared reverse primer (5′ agactggcagaagaattcagg 3′). PCR reactions were performed with Platinum Taq (Invitrogen) under the following amplification conditions: 94°C for 3 min, and 30 cycles of 94°C for 30 s, 64°C for 30 s, 72°C for 45 s, and completing with 72°C for 1.5 min. For reverse transcription-PCR (RT-PCR), mRNA from brain tissue of WT and RGS14-KO animals was isolated using Invitrogen PureLink kit with forward (1: 5′ caaatccccgctgtaccaagagtg 3′; 3: 5′ acttgggtgtccccaacgggc 3′) and reverse (2: 5′ ggaagccgtgccgtcaggtagata 3′; 4: 5′ gaacatatctggccggggctgg 3′) primers.
Isolation of Brain Tissue and Immunoblot Analysis. Before all surgical procedures for histology, mice were deeply anesthetized with isofluorane or with a mixture of ketamine (60-100 mg/kg, i.p.) and dormitor (0.1 mg/kg, i.p.). Brain tissue was harvested following transcardial perfusion of anesthetized mice with cold saline. Lysates were prepared as described (18) , subjected to SDS/ PAGE, and transferred to nitrocellulose membranes. Membranes were blocked for 1 h and incubated overnight with a specific anti-RGS14 mouse monoclonal antibody (Antibodies, Inc.), washed, and then probed with horseradish peroxidase-conjugated goat anti-mouse secondary antibody. Protein bands were visualized using chemiluminescence and exposure to X-ray film.
Immunohistochemistry. Mice were perfused with PBS followed by fixative, 4% paraformaldehyde in PBS, and tissue postfixed with the same solution for 4 h. Whole brains were embedded in paraffin, cut into 20-μm sections, mounted onto glass slides, and the paraffin removed. Antigen retrieval was accomplished by microwaving in 1 mM of citrate monohydrate pH 6.0. Endogenous peroxidase activity was quenched with 3% H 2 O 2 in methanol incubation for 5 min at 40°C. Sections were blocked with 5% normal goat serum and goat anti-mouse Fab fragment (1:250) (Jackson ImmunoResearch) diluted in TrisSaline Brij, pH 7.5, and incubated in primary anti-RGS14 monoclonal antibody (NeuroMabs) overnight at 4°C. Sections were then washed and incubated in biotinylated goat anti-mouse secondary antibody (BA-9200; Vector Labs) followed by avidin-biotin-peroxidase complex (Vectastain Elite ABC kit) and developed with 3,3′-diaminobenzidine (DAB substrate kit, SK-4100; Vector Labs). Nuclei were counterstained with hematoxylin. For preadsorption, pure thyoredoxin-his-tagged RGS14 was incubated with anti-RGS14 antibody at a protein ratio of 10 to 1 for overnight at 4°C.
Electron Microscopy (EM). Mice were transcardially perfused with Ringer's solution followed by a fixative containing 4% paraformaldehyde and 0.1% glutaraldehyde in phosphate buffer (0.1 M; pH 7.4). Tissue was cut, labeled using preembedding immunoperoxidase staining with RGS14 monoclonal antibody, and prepared for EM as described (45) . Sections were examined on the Zeiss EM-10C electron microscope. Electron micrographs were taken and saved with a CCD camera (DualView 300W; Gatan) controlled by Digital Micrograph software (version 3.10.1; Gatan).
Hippocampal Slice Preparation. Hippocampal slices were prepared from RGS14-KO and WT mice (CA2: postnatal days 14-18, CA1: 8-12 wk) as described (7). Animals were decapitated, and the brains rapidly removed. Coronal brain slices (340-400 μm thick) containing the hippocampus were cut using a vibrating blade microtome in aerated, ice-cold artificial cerebral spinal fluid (ACSF). Freshly cut slices were allowed to recover for at least 1 h in ACSF at room temperature and were then transferred to a recording chamber in which they were bathed continuously with room temperature ACSF.
Whole-Cell Patch Recordings. Recordings were made from individual CA2 neurons due to the difficulty in localizing CA2 dendrites, which makes assessment of field potentials unreliable. Recordings of CA2 neurons were made with patch pipettes (4-6 MΩ) only when the CA2 could be visually distinguished from neighboring regions CA1 and CA3. Cluster-type stimulating electrodes (FHC) were placed in the stratum radiatum ≈150 μm from the patched neuron to stimulate the Schaffer collateral axons and measure excitatory postsynaptic currents (EPSCs) (24) . Neuronal excitability was examined by recording the response of each neuron to depolarizing current steps in current clamp mode (0.1-0.6 μA), measurement of input resistance, and by recording action potentials in response to 1 s of 100 Hz (LTPinducing) synaptic stimulation. Action potential threshold was identified using previously published mathematical methods (46) . Electrically evoked synaptic responses were recorded at −70 and +40 mV in ACSF containing 1 mM gabazine for measurement of NMDA-and AMPA-type synaptic currents (47) .
Field Potential Recordings. Extracellular field potential recordings in the stratum radiatum area of CA1 were recorded in response to Schafer collateral inputs. Population excitatory postsynaptic potential (EPSP) output was measured in response to varying input currents to determine baseline synaptic transmission. For induction of LTP, WT and RGS14-KO hippocampal slices were prepared and maintained as described above. Slices were then subjected to stimulation (2 × 1 s, 100 Hz, 20-s intervals) to induce LTP and postsynaptic neurotransmission was monitored every 15 s for 180 min. Data presented are pooled mean ± SD.
Novel Object Recognition. The object recognition apparatus consisted of an open box (44 × 44 × 8 cm) made of white PVC placed in a sound-isolated testing room. Four objects (≈7 cm height and 6 cm diameter) made of a combination of plastic, metal, and rubber were used in this task. The weight of the objects ensured that they could not be displaced by mice. Training and testing sessions were recorded with a video camera mounted over the training arena and analyzed using LimeLight video-tracking software (Coulbourn). Novel object recognition tests were carried out as described (48) . Time exploring and number of contacts for each object were expressed as percentages of total time or number of contacts.
Morris Water Maze. Adult RGS14-KO and WT littermates ages 2-6 mo were used. The water maze consisted of a circular swim arena (diameter of 116 cm, height of 75 cm) surrounded by extramaze visual cues that remained in the same position for the duration of training and filled to cover the platform by 1cm at 22°C. Water was made opaque with nontoxic, white tempera paint. The escape platform was a circular, nonskid surface (area 127 cm 2 ) placed in the NW quadrant of the maze. Acquisition training consisted of 5 test d with four daily trials. Mice entered the maze facing the wall and began each trial at a different entry point in a semirandom order. Trials lasted 60 s or until the animal mounted the platform with a 15-min intertrial interval. A probe trial was conducted on day 6 wherein the platform was removed, and the animal swam for 60 s and the time spent in the target quadrant (NW) versus the adjacent and opposite quadrants was recorded. A video camera mounted above the swim arena and linked to TopScan software recorded swim distance, swim speed and time to platform and was used for tracking and analysis. Statistics were ANOVA and post hoc Dunnett's test unless otherwise stated.
